DNA secondary structures and methylation are two wellknown mechanisms that regulate gene expression. The catalytic subunit of telomerase, human telomerase reverse transcriptase (hTERT), is overexpressed in ϳ90% of human cancers to maintain telomere length for cell immortalization. Binding of CCCTC-binding factor (CTCF) to the first exon of the hTERT gene can down-regulate its expression. However, DNA methylation in the first exon can prevent CTCF binding in most cancers, but the molecular mechanism is unknown. The NMR analysis showed that a stretch of guanine-rich sequence in the first exon of hTERT and located within the CTCF-binding region can form two secondary structures, a hairpin and a quadruplex. A key finding was that the methylation of cytosine at the specific CpG dinucleotides will participate in quartet formation, causing the shift of the equilibrium from the hairpin structure to the quadruplex structure. Of further importance was the finding that the quadruplex formation disrupts CTCF protein binding, which results in an increase in hTERT gene expression. Our results not only identify quadruplex formation in the first exon promoted by CpG dinucleotide methylation as a regulator of hTERT expression but also provide a possible mechanistic insight into the regulation of gene expression via secondary DNA structures.
that in the core promoter of hTERT, located between Ϫ22 and Ϫ90, contains an end-to-end stacked pair of G-quadruplexes. Recently, they (30) showed that hTERT expression was regulated by G4 folding of the long G-tract within the hTERT promoter modulated by sequence mutation. They further found that aberrant G4 formation in the core promoter region disrupted repressor binding and drove hTERT transcription activation.
Meanwhile, it has been shown that binding of CCCTC-binding factor (CTCF) to the first exon of hTERT gene could suppress its transcription in telomerase-negative cells. Presently, there is no mutation or single nucleotide polymorphism identified within the CTCF-binding site (ϩ4 to ϩ39 from the ATG start codon (31) ) in the first exon of hTERT. Of interest is that methylation of the first exon of hTERT prevents CTCF binding and allows hTERT gene expression in telomerase-positive cells (32) . However, the underlying mechanism of the hTERT methylation in regulating its gene expression remains unclear. In this study, we found that two secondary structures, hairpin and quadruplex, could form within the CTCF-binding region of the first exon of hTERT. Further studies demonstrated that methylation of cytosine in a specific CpG in the first exon of the hTERT gene promotes quadruplex formation, which prevents CTCF binding and results in hTERT gene expression.
Results

Cytosine methylation and quadruplex formation of hT25
Within the CTCF-binding region of the first exon of the hTERT gene (32), we found a G-rich sequence, GGGAGCG-CACGGCTCGGCAGCGGGG ( Fig. 1a, named hT25 ) localized at ϩ13 to ϩ37 (at antisense strand), containing four CpG dinucleotides. To assess whether this sequence is involved in DNA secondary structure formation, we conducted the 1D imino proton NMR experiment to characterize the possible hydrogen-bonding formation of DNA secondary structure. The results showed some imino proton signals around 13 ppm in the absence of K ϩ , implying the formation of Watson-Crick hydrogen bonding for hairpin structure (33) , whereas the spectrum showed several imino proton signals at 10 -12 ppm after addition of K ϩ , suggesting the formation of Hoogsteen hydrogen bonding for the quadruplex structure ( Fig. 1b) . Of particular interest is that the imino proton signals at 10 -12 ppm were more pronounced after CpG methylation (Fig. 1c) , i.e. the population of quadruplex structures changes from less than 30% to over 60% (Table 1 ). It appears that methylation of CpG dinucleotides of this hTERT DNA sequence could enhance the formation of quadruplex structures.
NMR study of hT25 via mutation and site-specific methylation
To examine the formation of this wild-type sequence into a G4 structure, a number of mutants were designed for structural characterization (supplemental Table S1 ). Fig. 2a showed the imino proton NMR spectra of four hT25 mutants in 150 mM K ϩ solution. These mutations were designed not only to disrupt either hairpin or quadruplex formation but also to identify the bases involved in the quadruplex formation. The hT25-m1 was designed to disrupt the quadruplex formation by the change of the G 2 and G 24 in the first and last G-tracts of the hT25 sequence to T 2 and T 24 . The imino proton NMR results of hT25-m1 showed distinct signals of Watson-Crick base pairing and no appreciable signals of quadruplex structure, implying that the first and last G-tracts of the hT25 sequence were involved in the quartet formation. The hT25-m2 was designed to disrupt the quadruplex formation by the change of the G 12 and G 17 in the second and third G-tracts to T 12 and T 17 . Surprisingly, the imino proton NMR spectrum of hT25-m2 showed distinct signals of quadruplex structure at the 10 -12ppm region, implying that the middle two G-tracts, G 11 G 12 and G 16 G 17 , were not involved in the quartet formation of quadruplex structure. Moreover, the imino proton signal pattern of hT25-m2 at the 10 -12-ppm region was very similar to that observed for the hT25 and the methylated hT25 sequences. 
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We further investigated the effect of a single G-base mutation to the quadruplex formation. The hT25-m3 was designed by the change of G 11 to T 11 , which may enhance the Watson-Crick base pairs in hairpin structure. Of interest is that the imino proton NMR spectrum of hT25-m3 showed distinct signals of Watson-Crick base pairing at 12.5-13 ppm and no appreciable signals of the quadruplex structure at the 10 -12ppm region. Given that two middle G-tracts were not involved in quadruplex formation and the CpG methylation could enhance quadruplex formation, the design of hT25-m4 was to disrupt quadruplex formation by replacing G 20 with T 20 . In contrast to hT25, the imino proton NMR spectrum of the hT25-m4 showed a different pattern not only at 13.0 ppm for hairpin formation but also at 10 -12 ppm quadruplex formation. It is noteworthy that G-rich sequences with only a single base difference could form not only various quadruplex structures but also different secondary structures. Such different conformational changes caused by a single base mutation deserve further study.
Considering that there are four CpG dinucleotides in hT25, it is important to determine which methylated CpG dinucleotide plays a critical role for shifting the equilibrium to quadruplex formation. A number of methylated hT25 sequences based on simple step by step screening are listed in supplemental Table  S1 . NMR spectra of hT25-Me and hT25-Me (1, 4) showed almost identical imino proton signals in the region of 9.5-12.0 ppm ( Fig. 2b) . Their quadruplex formation is Ͼ60% population of quadruplex (Table 1 ). Further study of the methylation at the first (hT25-Me(1)) and fourth (hT25-Me(4)) CpG dinucleotides showed that the population of quadruplex in hT25-Me(1) (Ͻ30%) is lower than in hT25-Me(4) (Ͼ70%), suggesting that methylation of the fourth CpG dinucleotide (C 21 G 22 ) plays the key role to enhance quadruplex formation.
Topology study of hT25-m2 by site-specific 15 N-labeled 1 H NMR spectra
To examine the transition from hairpin to quadruplex topologies, we first used site-specific 15 N isotope labeling to examine which G-bases are involved in hairpin and quadruplex formation of hT25. Six hT25 samples were synthesized, each of which was site-specifically labeled with 15 N-enriched guanine. Two of the 15 N-edited imino proton resonances of the guanines of G 5 and G 20 showed the contribution to the signal at around 13 ppm ( Fig. 3a ). Further 2D-NOESY spectra confirmed these two Watson-Crick signals (Fig. 3b ). Considering all possible combinations of Watson-Crick hydrogen bonds involved G 5 and G 20 , Fig. 3c shows the proposed hairpin structure of hT25 in Tris buffer. After addition of 150 mM K ϩ overnight, we were unable to detect the 15 N-edited imino proton resonances at the 10 -12ppm region for the quadruplex formation because the signal was too weak (supplemental Fig. S1a ). Of importance is the same detection of the 15 N-edited imino proton resonances of G 5 and G 20 at around 13 ppm before and after addition of 150 mM K ϩ , suggesting that the transition from hairpin to quadruplex topologies does not necessarily involve the opening of the hairpin formation. Figure 2 . NMR study of hT25 DNA sequence by mutation and methylation. a, imino proton NMR spectra of four mutants, hT25-m1, hT25-m2, hT25-m3, and hT25-m4, in the presence of 150 mM K ϩ , as shown in descending order. The quadruplex characters were detected in the spectra of hT25-m2 and hT25-m4. b, imino proton NMR spectra of hT25-Me, hT25-Me(2,3), hT25-Me(1,4), hT25-Me(1), and hT25-Me(4) for hT25 and hT25-m1-Me(4) for hT25-m1 in the presence of 150 mM K ϩ , as shown in descending order. Their sequences are listed in supplemental Table S1 . Table 1 The
population of hairpin and quadruplex structures of hT25 and its mutants
The listed populations of hairpin (H) and quadruplex (Q) structures were estimated by integrating the peak volume of hairpin and quadruplex structures. NA means not available.
Name
Population
H Q hT25 Ͼ70% Ͻ30% hT25-m1 Ͼ95% Ͻ5% hT25-m2 Ͻ10% Ͼ90% hT25-m3 Ͼ90% Ͻ10% hT25-m4 Ͻ10% Ͼ90% hT25-ss1 NA NA hT25-ss2 NA NA hT25-ss3 NA NA hT25-Me Ͻ40% Ͼ60% hT25-Me(2,3) Ͼ75% Ͻ25% hT25-Me(1,4) Ͻ40% Ͼ60% hT25-Me(1) Ͼ70% Ͻ30% hT25-Me(4) Ͻ30% Ͼ70% hT25-m1-Me(4) Ͼ95% Ͻ5%
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At present, we are unable to prepare the sample of site-specific 15 N isotope labeling to methylated hT25. Therefore, we used hT25-m2 to study the quadruplex formation because similar imino proton NMR signals at 10 -12 ppm were detected more prominently in hT25-m2 than in hT25. Using site-specific 15 N isotope labeling, we found that three guanine residues, G 5 , G 16 , and G 20 , are involved in the initial hairpin formation of hT25-m2 (supplemental Fig. S1b ), particularly G 5 and G 20 , also detected in hT25. After addition of 150 mM K ϩ overnight, the 15 N-edited imino proton spectra showed six signals of five G-bases of G 1 , G 2 , G 3 , G 23 , G 24 , and an unlabeled G base at the 10 -12-ppm region for the quadruplex formation together with three signals of G 5 , G 16 , and G 20 at 12.5-13 ppm region for the Watson-Crick base pairing ( Fig. 3d ). Further studies suggested that the unlabeled peak was G 25 (data not shown). Again, the finding of the same three Watson-Crick signals in the hairpin and quadruplex structures implied that the K ϩ -induced topological transition of hT25-m2 does not necessarily involve the opening of hairpin formation.
Considering that several G-rich sequences form the quadruplex structure containing a G⅐C⅐G⅐C quartet characterized by two imino proton signals at the 12.5-13-ppm region (20, 34 -36) , we anticipated that the quadruplex formation of hT25-m2 could also involve cytosine without using the two middle G-tracts. Further study of mutants (supplemental Table  S1 ) was conducted to examine which cytosine residue is possibly involved in the quartet formation of hT25-m2. The imino proton NMR spectra showed different patterns of hT25-m5 and hT25-m6 from hT25-m2 and hT25-m7, suggesting that C 6 and C 21 are involved in the quartet formation (supplemental Fig. S2 ). In addition, several H1-H1 NOEs were analyzed to predict the possible topology between neighboring guanines, i.e. G 5 /G 20 , G 1 /G 24 , and G 3 /G 5 (Fig. 3e ). Although the precise quadruplex structure of hT25-m2 has not been determined, it is very likely that the quadruplex formation of hT25-m2 involves two G⅐G⅐G⅐C quartets ( Fig. 3f ). To our knowledge, such type of quadruplex structure containing two G⅐G⅐G⅐C quartets has not been reported yet.
Investigation of melting temperature and folding kinetics of hT25-Me(4)
CD spectroscopy has been extensively used to characterize different types of G4 structures. In general, parallel G4 structures show a positive band at 265 nm and a negative band at 240 nm, whereas antiparallel G4 structures show two positive bands at 295 and 240 nm together with a negative band at 265 nm. Here, the CD spectra of hT25 and hT25-Me(4) showed no appreciable difference, even in the absence and presence of 150 mM K ϩ (supplemental Fig. S3 ). Recently, Kocman and Plavec (37) reported that a d(GGGAGCGAGGGAGCG) sequence, VK1, could form an unusual dimeric tetraplex structure stabilized by four G-C base pairs in Watson-Crick geometry. Noteworthy, their CD spectra also ruled out the formation of parallel and non-parallel G4 structures. Moreover, the CD spectra of VK1 are similar to the CD spectra of hT25. Of interest is the similarity found in the folding motif of hT25 (GGGAGCG- Quadruplex enhanced by DNA methylation modulates hTERT gene CACGGCTCGGCAGCGGGG). The two G-C base pairs formed in the hT25 quadruplex structure is similar to the finding in the VK1 dimeric tetraplex structure, which may play a major contribution to CD spectra. However, NMR spectra showed that the cation-dependent quadruplex formation of hT25-m2 is very different from the cation-independent quadruplex formation of VK1 in the presence of 150 mM Li ϩ and 150 mM K ϩ (Fig. 4, a and b) .
In addition, we measured the CD melting curves of hT25 and hT25-Me(4) at 290 nm in 150 mM K ϩ to examine the effect of methylation in quadruplex stability. The melting temperature (T m ) is 56.2°C for hT25 and 59.8°C for hT25-Me(4) (Fig. 4c) , indicating that there is ϳ3.6°C increase on ⌬T m upon methylation. However, the T m is 58°C for both h25-m1 and hT25-m1-Me(4) ( Fig. 4d ), which formed the hairpin structure, suggesting that methylation favors stabilizing the quadruplex formation. The slight increase of ⌬T m could shift the equilibrium from the hairpin state to the quadruplex state. Previous studies have shown that the CpG methylation could stabilize G4 structure by favorable stacking interaction between the methyl group of 5-methylcytosine and guanine residues (18 -20) .
We then used real time imino proton NMR spectra to study the folding kinetics of hT25-m2, hT25-m4, and hT25-Me(4) quadruplexes after addition of 150 mM K ϩ (Fig. 4, e-g) . The results showed that the transition time from hairpin to quadruplex structures of hT25-m2 is ϳ25 min at 25°C. Surprisingly, the folding transition is much faster for hT25-m4 than for hT25-m2, indicating that different transition pathways are involved. Of importance is that the same time scale for the folding transition of hT25-m2 is also measured for hT25-Me(4), indicating that similar transition pathways are involved.
Quadruplex formation mediated by DNA methylation modulates hTERT gene expression via CTCF binding
It has been shown that CpGs around the CTCF-binding site in the first exon of hTERT are highly methylated in the majority of tumor tissues and cancer cell lines (32) . Here, we verified whether methylation of CpG dinucleotides could perturb CTCF binding and further regulate hTERT gene expression in telomerase-positive human melanoma A375 cells. The methylated reporter constructs (WT-Me) were generated by methylation from Ϫ36 to ϩ110 via incubated wild-type plasmids (WT) with M.SssI CpG methyltransferase, which was confirmed by using bisulfite sequencing (Fig. 5a ). The reporter assay showed that the expression level of WT-Me was markedly higher than WT (Fig. 5b) . Consistent with the finding of reporter assay, the chromatin immunoprecipitation (ChIP) results showed a significant reduction of CTCF binding after methylation (WT-Me) (Fig. 5c ). Although methylation of CpG dinucleotides indeed inhibits CTCF binding and results in gene expression, it is not clear whether the quadruplex structure promoted by methylation has a major effect on CTCF binding and gene regulation.
We therefore constructed different reporter plasmids to examine whether quadruplex formation is important in regulating CTCF binding. These reporter constructs were generated by employing the wild-type and mutated hTERT promoter region based on the previous NMR results (supplemental Table   S1 and Fig. 6a ). The luciferase expression level in A375 cells transfected with m2 and m4 plasmids with the preference to form quadruplex structure was much higher than wild type and transfected with m1 and m3 plasmids with the preference to form hairpin structure (Fig. 6b ). In addition, ChIP analysis showed that the level of CTCF binding is much lower in cells transfected with m2 and m4 plasmids than WT and m1 plasmid (Fig. 6c ). These results indicated that the hairpin and quadruplex structures play an important role for both CTCF binding and gene expression on hTERT.
Electrophoretic mobility shift assay (EMSA) using recombinant full-length CTCF protein was conducted to examine the binding preference of CTCF protein, which is the secondary structure (hairpin or quadruplex) of hT25. The gel results showed that a large amount of the bound form of CTCF binds to hT25 and hT25-m1, suggesting that the CTCF protein favors the binding of hairpin structure (Fig. 6d) . In contrast, the bound form of CTCF binding to hT25-m2 was hardly detected, implying that quadruplex formation prevents CTCF binding.
EMSA was also performed to verify how the methylated CpG dinucleotides of the hT25 structures perturb CTCF binding. The binding complex of hT25-Me(1) with CTCF was clearly detected, whereas the bound form of the CTCF binding to hT25-Me(4) was hardly observed (Fig. 6d) . This difference is because the hairpin structure of hT25-Me(1) favors CTCF binding, and the quadruplex structure of hT25-Me(4) impedes CTCF binding. To test whether the inhibition of CTCF binding is simply due to methylation of CpG dinucleotides, the methylation of hT25-m1 (hT25-m1-Me(4)) was examined because of its hairpin structure. The detection of the bound form of the CTCF binding to hT25-m1-Me(4) (Fig. 6d ) suggested that the DNA secondary structure may be more critical for CTCF binding.
We further conducted EMSA to examine the cation effect on the CTCF binding (Fig. 6e ). The EMSA results of hT25 and hT25-m1 showed no appreciable difference in the presence of K ϩ and Li ϩ . On the contrary, the binding of CTCF to hT25-Me(4) and hT25-m2 was markedly increased in the presence of Li ϩ than in the presence of K ϩ , suggesting that the K ϩ -induced quadruplex formation could prevent the binding of CTCF protein as well (Fig. 6e ). In addition, ChIP analysis showed that methylated m1 plasmids (m1-Me) at the first exon present no appreciable effect on CTCF binding (supplemental Fig. S4 ), suggesting that CTCF protein favors the binding of hairpin structure.
CTCF prefers binding to hairpin structure
Next, we examined whether CTCF has a better binding preference to the single strand than to the hairpin DNA. Two mutants (hT25-ss1 and hT25-ss3) showed no distinct imino proton NMR signal in the region of 9.5-13.5 ppm, whereas hT25-ss2 mutant showed weak signals in the region of 12.5-13.0 ppm (Fig. 7a ). The sequences of these mutants are listed in supplemental Table S1 . Although EMSA results show that CTCF can bind these single-strand sequences, the competition between these single-strand sequences and the hT25 indicated that CTCF has a higher binding preference to the hairpin structure of hT25 (Fig. 7b) . Consistently, reporter assay showed that
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the expression level of ss1 is higher than m1, similar to WT, and lower than m2 (Fig. 7c) . These findings suggested that the hairpin structure is the major target in the first exon of hTERT gene for CTCF binding.
Because previous reports suggested that CTCF binds to double strands of promoter DNA (31, 38) , EMSA was conducted to verify the binding of CTCF to the sense and antisense strands of the first exon of hTERT gene in vitro (supplemental Fig. S5 ). The gel results showed a large contrast in the detection of the appreciable amount of CTCF binding to the methylated sense strand (chT25-Me) and the absence of CTCF binding to the methylated wild-type antisense strand (hT25-Me), indicating that CTCF protein is capable of binding to the methylated sense strand. This finding also suggested that only methylation is not sufficient to inhibit CTCF binding. We anticipated that quadruplex formation enhanced by methylation plays a major role for the inhibition of CTCF binding. In addition, our results suggested that methylated antisense strand is mainly responsible for the inhibition of CTCF binding to the first exon of hTERT gene and the regulation of hTERT gene expression. (4) (red line) in 150 mM K ϩ monitored at 290 nm CD signal. d, CD melting curves of hT25-m1 (blue line) and hT25-m1-Me(4) (red line) in 150 mM K ϩ monitored at 280 nm CD signal. e-g, the time-dependent imino proton NMR spectra were recorded at 0, 10, 20, 30, 40, 50, and 60 min after addition of 150 mM K ϩ (e-g, left) together with the rise of quadruplex signals fitted with a single exponential (e-g, right) of hT25-m2 (e), hT25-m4 (f), and hT25-Me(4) (g). Since the average time for collecting NMR spectra is ϳ8 min, the very fast rise of quadruplex signals of hT25-m4 cannot be fitted. Figure 7 . Imino proton NMR spectra and the EMSA of single-strand mutants of hT25. a, imino proton NMR spectra of hT25-ss1, hT25-ss2, and hT25-ss3 in 150 mM K ϩ solution. b, EMSA experiments were performed to verify the binding of CTCF to biotinylated hT25 and single-strand mutants hT25-ss1, hT25-ss2, and hT25-ss3 incubated with CTCF in vitro. 1st lane showed the interaction of hT25 and CTCF, which was used as a positive control. For competition study, the interactions of hT25-ss1, hT25-ss2, and hT25-ss3 with CTCF were incubated with or without 25-fold molar of unlabeled hT25. c, reporter assays were performed in A375 cells transfected with WT, m1, m2, and ss1 mutant reporters. Representative results were obtained from three independent experiments. The results represent the mean Ϯ S.D. for each group. ***, p Ͻ 0.001 compared with WT. Figure 6 . Effect of DNA secondary structures in the CTCF-binding site on hTERT gene expression. a, schematic diagrams of the CpG free reporters containing WT promoter and mutants. b, transcriptional activities of reporters containing the WT or mutated hTERT promoters with hairpin structure (m1 and m3) or quadruplex structure (m2 and m4) were analyzed in A375 cells. The luciferase activities of reporters with mutated promoters were compared with that of WT. c, binding of CTCF to the reporters with WT or mutated promoters was further analyzed by ChIP assay using antibody against CTCF. The results represent the mean Ϯ S.D. from three independent experiments. **, p Ͻ 0.01; ***, p Ͻ 0.001 compared with WT. d, EMSA experiments were performed to verify the binding of CTCF to biotinylated hT25, hT25-m1, hT25-m2, hT25-Me(1), hT25-Me(4), and hT25-m1-Me incubated with CTCF in vitro. Representative results from three independent experiments are shown. e, EMSA experiments were performed in the presence of KCl or LiCl condition for biotinylated hT25, hT25-Me(4), hT25-m1, and hT25-m2 incubated with CTCF in vitro.
DNA methylation at the 5-position of cytosine is associated with multiple cellular processes that regulate gene expression in the mammalian genome. In addition to the methylation of CpG dinucleotides, demethylation enzyme, such as ten-eleven translocation (TET) 5mC-hydroxylases, could convert the 5-position of cytosine to 5-hydroxymethylcytosine (5hmC), which offers a means of dynamic regulation of DNA methylation (39, 40) . It has been shown that 5hmC plays an important role for the regulation of genes involved in embryonic development, cellular differentiation, and stem cell programming (41, 42) . By incorporating 5hmC into the hT25, we further examined whether the hydroxymethylation could influence the CTCF binding onto the hT25. The imino proton NMR spectrum of hT25-hydroxymethyl (hT25-hMe(4)) with modified 5hmC at the fourth CpG dinucleotide suggested that hT25-hMe(4) can form a hairpin structure (supplemental Fig. S6 ). The EMSA results showed the binding of CTCF to the hT25-hMe(4) but not hT25-Me (supplemental Fig. S6b ) and hT25-Me(4) (Fig. 5d ). These findings indicated that hydroxymethylation at hT25 does not influence the formation of hairpin structure and the following CTCF binding.
Discussion
Here, we demonstrated that G-rich sequences with only a single base difference could shift base pairs for different hairpin formation, which might lead to different secondary structures. In contrast to the transition from hairpin to quadruplex structures of hT25 after addition of K ϩ , no appreciable imino proton NMR signal detected in a single G-base mutation by replacing G 11 to T 11 of hT25-m3 indicated the unfavorable transition from hairpin to quadruplex structures. It is likely due to the more stable hairpin structure of hT25-m3 because of the formation of four consecutive Watson-Crick base pairs between C 10 T 11 G 12 C 13 and G 17 C 18 A 19 G 20 . In contrast, the single G-base mutation by replacing G 20 to T 20 of hT25-m4 disrupted the original G 20 -C 6 base pairs of hT25 hairpin structure. Of interest is that an imino proton NMR signal located around 13 ppm shows no appreciable change, and the folding transition to quadruplex structure is fast after addition of 150 mM K ϩ . In comparison, Gray and Chaires (43) used a stopped-flow method to obtain a single folding time of 20 -60 ms for K ϩ -induced quadruplex formation of single-stranded human telomeres. In addition, several mutants of WT22 (GGGCCAC-CGGGCAGGGGGCGGG) in the WNT1 gene promoter without formation of hairpin structures showed fast quadruplex formation within 2 min at 37°C (33) . The fast folding kinetics of hT25-m4 is similar to the transition from a singlestranded DNA. Nevertheless, verification of hT25-m4 structures with and without K ϩ for elucidating the transition pathway deserves more study.
Considering that two G-C base pairs of G 5 -C 21 and G 20 -C 6 are involved in both the hairpin formation and quadruplex formation, a possible scenario is proposed for the K ϩ -induced quadruplex formation of hT25-m2 that results from a simple flip back of a hairpin form to fold into a quadruplex form with two G⅐G⅐G⅐C quartets. The proposed model is supported by the transition kinetics. The transition time from hairpin to quadruplex structures of hT25-m2 via a simple flip (ϳ25 min) is much faster than the transition time from hairpin to quadruplex structures of WT22 via unfolding-refolding (ϳ550 min) at 25°C (33) . To our knowledge, such a simple transition from hairpin to quadruplex structures for a genomic G-rich sequence has not been previously documented.
DNA methylation plays an important role in regulating hTERT expression. Benhattar et al. (32) found that partial hypomethylation in the core promoter region together with the hypermethylation in the CTCF-binding site of the first exon can lead to hTERT expression in telomerase-positive tumor cells. This finding was further supported by those studies in telomerase-positive cancer cells treated with 5-aza-2Ј-deoxycytidine or trichostatin A in which DNMT1 down-regulation correlates with the CpG islands demethylation, CTCF binding, and the repression of hTERT transcription (32, 44) . By using the dimethyl sulfate-methylation interference assay, Renaud et al. (31) demonstrated that G 20 , G 23 G 24 , and G 25 were recognized by CTCF binding to the first exon of hTERT. Here, we showed that two secondary structures, hairpin and quadruplex, could form within the CTCF-binding region of hTERT first exon. The CTCF-contacting guanines are involved in the hairpin formation. Particularly, CpG methylation in the CTCF-binding site promotes quadruplex formation, which prevents CTCF binding and leads to hTERT expression. In addition, a transition pathway from hairpin to quadruplex topologies of hT25-m2 was proposed. Similar imino proton NMR spectra of hT25-Me suggested that hT25-Me could also adopt a similar quadruplex structure. It is feasible that such simple transition from hairpin to quadruplex topologies for a genomic G-rich sequence could perturb DNA-protein interaction.
G-quadruplex structures found in promoter regions are generally considered as negative regulators of gene expression (8) . Zakian and co-workers (9) reported the potential function of quadruplex in gene regulation via stimulating activator binding or inhibiting repressor binding. The recent findings of Hurley and co-workers (30) showed that an aberrant G4 formation of a long G-tract mutation within hTERT promoter region could disrupt repressor binding and result in overexpression of hTERT. Here, our findings demonstrated that quadruplex formation enhanced by CpG dinucleotide methylation in the first exon of hTERT could impede CTCF binding and lead to hTERT expression. Therefore, in addition to transcriptional inhibition, quadruplex formation could also act as a stimulatory factor in modulating gene expression (9, 45) .
In summary, we demonstrated that methylated cytosine may directly participate in "quartet" formation. Here, methylation of a single cytosine at the specific CpG dinucleotide of the hTERT gene is capable of shifting the equilibrium from hairpin structure to quadruplex structure via a simple flipping process (Scheme 1). Our results showed that DNA methylation alone is not sufficient to inhibit CTCF binding to the first exon of hTERT, suggesting that quadruplex formation promoted by CpG methylation plays a major role in preventing CTCF binding and further regulating gene expression. These findings provided mechanistic insight to explain how the hypermethylated hTERT promoter can lead to its expression in most telomerasepositive tumors.
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Experimental procedures
DNA preparation
All unlabeled oligonucleotides were purchased from Bio Basic (Ontario, Canada). The DNA concentrations were determined by the absorption at 260-nm peaks using a UV-visible absorption spectrometer. The oligonucleotides were dissolved in 10 mM Tris-HCl (pH 7.5) without and with 150 mM KCl, followed by heat denaturation at 95°C for 5 min and slowly annealed to room temperature.
NMR spectroscopy
All NMR experiments were performed on a Bruker AVIII 500 MHz NMR spectrometer equipped with a prodigy probe head and on a Bruker AVIII 800 MHz NMR spectrometer equipped with a cryoprobe. The 1D imino proton NMR spectra were recorded using a WATERGATE (46) or a jump-return pulse sequence (47) for water suppression. The 1D 15 N-1 H SOFAST-HMQC spectra were used for unambiguous assignments of individual imino proton resonances using a series of site-specifically 15 N-labeled NMR samples, where 8% of 15 N-labeled guanine was introduced into one of the 11 G-quartet-forming guanine residues as described previously (48, 49) . The strand concentrations of the NMR samples were typically at 100 -200 M with specific salt conditions and an internal reference of 0.1 mM 4,4-dimethyl-4-silapentane-1-sulfonic acid.
Cell culture
Human melanoma A375 cells (American Type Culture Collection, Manassas, VA), telomerase-positive cells, were grown in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum. Cells were cultured at 37°C in an incubator supplemented with 5% CO 2 . A375 cell line was authenticated by using the PromegaGenePrint10 system (Promega, Madison, WI) and analyzed by ABI PRISM 3730 GENETIC ANALYZER and GeneMapper software version 3.7. (Applied Biosystems, Carlsbad, CA). The DNA-methylated pattern of the promoter and the first exon region of the hTERT gene in these cells is similar to the pattern in telomerase-positive cells (32) .
Promoter reporter assay
To verify the transcriptional activity, the hTERT sequence, including Ϫ1024 to ϩ119 (translation start site as ϩ1), was cloned into the pCpGfree-basic-Lucia vector (Invivogen, San Diego). To verify the effect of the DNA methylation in the first exon on the hTERT gene expression, methylated and mutant reporters were also generated and transfected into telomerasepositive A375 cells. Luciferase activity of these constructs was determined by using the QUANTI-Luc luciferase system (Invivogen). Details are provided in the supplemental Materials and methods.
Bisulfite genomic sequencing
To determine the methylation status of the reporter plasmid, genomic DNAs of A375 cells transfected with reporter plasmids were extracted. The bisulfite modification method and following sequences were employed for determining the methylation status of cytosine residues in DNA (50) . Details are provided in supplemental Materials and methods. Scheme 1. Proposed mechanism of CTCF binding to the first exon of hTERT gene for transcriptional regulation. CTCF favors binding hairpin structure, whereas quadruplex formation enhanced by CpG methylation impedes CTCF binding and further leads to gene expression.
Quadruplex enhanced by DNA methylation modulates hTERT gene Chromatin immunoprecipitation
Chromatin immunoprecipitation (ChIP) assays were performed as described previously with minor modifications (31) . Briefly, A375 cells transfected with reporter plasmids were treated with 1% formaldehyde in phosphate-buffered saline. The cross-linked nuclei were sonicated to yield DNA fragments in the range of 200 -1000 bp. ChIP grade polyclonal antibody against CTCF (Product code: ab70303, Abcam, Cambridge, MA) was incubated overnight with the nuclear lysates. Immune complexes were then collected with protein A magnetic beads (Millipore, Temecula, CA). Using the forward primer (5Ј-TGCGCACGTGGGAAGCCCTG-3Ј, complementary of nucleotides Ϫ38 to Ϫ1 of hTERT gene) and the reverse primer (5Ј-T-GAGGGCAAACAGCACCTTGATTTCC-3Ј, complementary of nucleotides of pCpGfree-basic-Lucia vector backbone), the semi-quantitative real-time PCR was performed to analyze the CTCF-binding efficiency.
Electrophoretic mobility shift assay
EMSA was performed as described previously with minor modifications (51, 52) . 5Ј-Biotin-labeled oligonucleotides (supplemental Table S1 ) were incubated with 0.2 g of CTCF fulllength recombinant protein (Abnova, Jhongli City, Taiwan) in binding buffer containing 50 mM KCl, 10 mM Tris, 5 mM MgCl 2 , 0.1 mM ZnSO 4 , 2 mM DTT, 0.05% Nonidet P-40, 2.5% glycerol, and 50 ng/l of double-strand competitor DNA poly(dI-dC) (Thermo Fisher Scientific, San Jose, CA). After incubation for 20 min at room temperature, samples were analyzed on a 5% non-denaturing polyacrylamide gel in 0.5ϫ TBE buffer at 100 V for 1 h. Gels were transferred to positively charged nylon membrane in 0.5ϫ TBE at 380 mA for 40 min. Nylon membranes were immunoblotted and followed by a CCD camera for detecting biotin signals (Thermo Fisher Scientific). 
